Introduction
The generation of hematopoietic stem cells (HSCs) from induced pluripotent stem cells is of great interest for both fundamental research questions regarding HSC ontology and potential clinical applications [1, 2] . The availability and genetic imbalance between matching donors and recipients as well as risk factors such as graft-versus-host reactions are the major limitations of allogeneic HSC transplantation [3] . The patient-individual generation of HSCs or more mature hematopoietic cells of various lineages for autologous treatment options is therefore an important goal, if not the holy grail within the field of hematopoiesis research [2] . However, hematopoietic differentiation from human embryonic stem cells (hESCs) as well as human induced pluripotent stem cells (hiPSCs) has been shown to be of a primitive rather than a definitive phenotype in multiple studies, especially when performed in absence of the physiological niche [4, 5] . Cell lines such as OP-9 may recapitulate the hematopoietic niche and promote definitive hematopoiesis, but the use of xeno-derived cell lines and products is less favorable, if aiming at clinical application [4, 6, 7] .
Following common sense CD34, a 115-kDa transmembrane glycoprotein, firstly described by Civin et al. [8] and cloned by Simmons et al. [9] from a Ka1a library, is a marker widely used to characterize human hematopoietic stem and progenitor cells (HSPCs) and to enumerate HSPC dosages in stem cell transplantation settings [10] . Regardless that its precise mode of action is still unknown, CD34 plays an important role in the interaction of HSPCs and its niche, facilitating mobilization and homing properties. During early embryonic development, however, CD34 expression describes both HSPCs and endothelial progenitor cells (EPCs) within the CD309 (KDR)+ population derived from the embryonic mesoderm [11, 12] . Although phenotypical heterogeneity has been reported among adult CD34+ HSPCs, comprising only a small fraction with long-term HSC potential, an efficient marker with
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Summary
Background:
The ex vivo generation of human hematopoietic stem cells (HSCs) with long-term repopulating capacity and multi-lineage differentiation potential represents the holy grail of hematopoiesis research. In principle, human induced pluripotent stem cells (hiPSCs) provide the tool for both studying molecular mechanisms of hematopoietic development and the ex vivo production of 'true' HSCs for transplantation purposes and lineagespecific cells, e.g. red blood cells, for transfusion purposes. CD43-expressing cells have been reported as the first hematopoietic cells during development, but whether or not these possess multilineage differentiation and long-term engraftment potential is incompletely understood. Methods: We performed ex vivo generation of hematopoietic cells from hiPSCs using an embryoid body(EB)-based, xeno-product-free differentiation protocol. We investigated the multilineage differentiation potential of different FACS-sorted CD43-expressing cell subsets by colony-forming assays in semisolid media. Further, erythroid differentiation was investigated in more detail using established protocols. Results: By using CD43, we were able to measure hematopoietic induction efficiency during hiPSC-derived EB differentiation. Further, we determined CD43+ cells as the cell population of origin for in vitro erythropoiesis. Furthermore, colony formation demonstrates that the multipotent hematopoietic stem and progenitor cell fraction is particulary enriched in the CD43 hi CD45+ population. similar predictive implications on the potential to reconstitute the adult hematopoietic system lifelong has not fully been defined yet for hiPSC-derived ex vivo hematopoiesis [13] .
As a potential candidate, CD43, also known as leukosialin or sialoglycoprotein, has been shown to be expressed on early hematopoietic cells derived from hESCs [4, 14] . Comparable to CD34, CD43 is a strongly glycosylated transmembrane sialomucin, expressed on all hematopoietic cells, except mature erythrocytes [15] . Expressed on immature hematopoietic cells, it is downregulated during erythroid differentiation [16] . As a mucin it is believed to function as a repulsive barrier on T cells and myeloid cells, and its downregulation is associated with T-cell activation and migration of myeloid cells from the vasculature [17] . On immature hematopoietic cells, it may prevent adhesion and undesired stimuli to differentiate, but at the same time mediate interaction with selectins to promote migration from the bone marrow niche to the vasculature [18] . Therefore, due to the expression on various hematopoietic cells, CD43 specificity is compromised during hematopoietic differentiation from pluripotent stem cells in vitro. Nonetheless, its expression was detected before onset of CD45 and CD41 expression during hematopoietic differentiation from human pluripotent stem cells using an OP-9 co-culture model [4] . The emergence of CD45 expression correlates with progressive lymphomyeloid commitment as shown by gene expression profiling (e.g. PU1, MPO, IL7RA) [4] . Additionally, early human embryos have been investigated recently regarding early hematopoietic development and determined CD43 expression on the earliest hematopoietic progenitor cells [19] . However, the multi-lineage differentiation potential of CD43 expressing hematopoietic cell subsets, generated in vitro, has not been fully investigated until today.
Here, we generated CD43-expressing cells using a xeno-product-and cell free embryoid body(EB)-based differentiation protocol [20] . We investigated the erythroid differentiation potential of CD43 expressing cells and defined a CD43 hi subset as the source of erythroid differentiation from hiPSCs. To address the multilineage differentiation potential we performed colony-forming unit (CFU) assays in semisolid media. Via transcriptional profiling we directly compared CD43 hi cells to peripheral blood (PB) and cord blood (CB) derived CD34+ HSPCs. Our data imply multilineage differentiation potential of hiPSC-derived CD43 hi cells with a bias towards the erythroid lineage. 
Material and Methods
Collection of CD34+ HSPCs from PB and CB Adult PB CD34+ cells were obtained from allogeneic stem cell donations after G-CSF mobilization by apheresis. CB CD34+ cells were collected after normal deliveries. CD34+ cells were further purified by immunomagnetic sorting via MACS (Milteny, Bergisch-Gladbach, Germany), and cells from three donations (adult PB and CB each) were subsequently applied to ex vivo erythropoiesis as biological replicates as previously described [21] . Written informed consent was obtained from all donors; the study was approved by the local ethics committee (Medical University Graz, Austria EK: 27-165 ex 14/15).
Hematopoietic and Erythroid Differentiation of hESCs and hiPSCs
Hematopoietic induction and erythroid differentiation from hESCs (H1, Wicell, WI, USA) and CB CD34-derived hiPSCs has been performed using an EB-based hematopoietic induction protocol followed by a three-stage ex vivo erythropoiesis assay as described earlier ( fig. 2A ) [20] . The generation of a Expression of surface markers specific for hematopoietic specification (KDR (VEGFR2), CD144, CD41a, CD235a (GPA), CD43) was assessed on EB day 10, 15 and 21 by flow cytometry (B-G). Expression kinetics of RUNX1, CD43 and CD41 was additionally investigated by quantitative RT-PCR and compared to undifferentiated hIPSC (H). CD31, CD45, CD144 (VE-Cadherin), CD43 and CD4 expression was monitored more tightly during EB differentiation using conventional PCR (I). Data were obtained from three independent experiments (n = 3), mean values ± SD are shown.
CB-derived iPSC line by OCT4, SOX2, KLF4, and c-Myc and its characterization has been described previously [20] . CD43+ cells as well as CD43 low and CD43 hi subpopulations were seeded at a density of 5 × 10 4 cells/ml upon in vitro erythropoiesis initiation (stage II). Bulk cells from EB dissociation were seeded at a density of 3 × 10 5 cells/ml; PB and CB HSCs were seeded as 1 × 10 4 cells/ml.
Sample Collection and RNA Isolation
In order to identify unbiased gene expression profiles across the entire transcriptome between hiPSC-derived CD43+ hematopoietic cells and PB as well as CB HSPCs, samples were collected at day 21 of EB differentiation. Sorting of CD43+ cells was performed after labeling of dissociated EB d21 cells with anti-CD43-APC and anti-CD45-PE on a Becton Dickinson FACS Aria Ilu (Franklin Lakes, NJ, USA). Total RNA was prepared using RNeasy columns (Qiagen, Hilden, Germany) following the manufacturer's instructions.
Gene Expression Analysis by Conventional and qRT-PCR
Complementary DNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit following the manufacturer's references, quantitative RT-PCR was performed using Power SYBR Green PCR Master Mix on a 7900HT Fast Real-Time PCR System (all from Thermo Fisher Scientific, Waltham, MA, USA) and specific primers (RUNX1: fw 5´CCGAGAAC-CTCGAAGACATC´3 rev 3´GTCTGACCCTCATGGCTGT´5, SPN: fw 5´CACTTCAATAACAAGTGACCCTAAGG´3 rev 5´TGGAGGTTGTTG-GCTCAGGTA3´ ITGA2B: fw. 5´CTTCTGGAGTGGGTGCTGCT´3 rev. 5´TCTCCCATGGCTGTCCTTGT´3). 18S cDNA was used as a reference gene, adult undifferentiated hiPSCs as a reference sample to determine relative gene expression on day 15 of culture.
Microarray Data Analysis
The microarray (HumanHT-12 4v; Illumina, San Diego, CA, USA) protocol was performed as already described [20] . Gene expression analysis following array normalization with GenomeStudio (Illumina) was done in R. Probe intensities were log 2 transformed, and probes with a detection p value below 0.001 were considered for further analysis. A minimum signal of log 2 (100) was defined as the minimum expression threshold. Heatmaps and dendrograms were calculated with the gplot R-package. Top differentially expressed genes (DEGs) between two groups were determined by the largest fold change between two groups beyond the twofold range.
Genes expressed with variations within the twofold range were considered to be not relevantly up-or downregulated. Statistics of single gene expression data from microarray were plotted and analyzed using GraphPad Prism6 (GraphPad Software, Inc., La Jolla, CA, USA). Gene ontology analysis was performed using DAVID Bioinformatics Resources Version 6.8 software packages (Laboratory of Human Retrovirology and Immunoinformatics, Frederick, MD, USA) [22] .
Results
Hematopoietic Induction Efficiency in hiPSC-Derived EBs and Subsequent Erythroid Differentiation
We previously observed that the amount of CD43-expressing cells correlates with the efficiency of the subsequently performed erythroid differentiation [20] . To identify the erythropoiesis-driving cell population in more detail, we performed a fluorescenceactivated cell sorting (FACS) approach of different CD43-expressing cell subsets. In order to compare CD43+ with CD43-cells, we initially differentiated CB-derived hiPSCs into hematopoietic cells via EB differentiation as previously described [20] . After 21 days, EBs were dissociated, and single cells were labeled with anti-CD43 APC and anti-CD45 PE flow cytometry antibodies and sorted on a FACS Aria Ilu. We then performed erythroid differentiation and observed that CD43-cells never gave rise to hematopoietic cells in general (data not shown). The percentage of cells staining positive for hematopoietic markers (CD36, CD235a, CD45, CD71) during erythroid differentiation was found similar between CD43+-sorted and bulk cells ( fig. 1A-D) , while cell expansion was determined similar, yet a bit higher for CD43+ cells (fig. 1E) . However, characterization of erythroid cells by cell morphology and neutral benzidine staining revealed a higher number of reticulocytes from bulk cell differentiation compared to CD43+ cells (37.1 ± 14.3% vs. 17.6 ± 7.1%; fig. 1F-H) accompanied by a lower number of polychromatic erythroblasts (7.7 ± 6.7% vs. 23.7 ± 23.8%) on day 15 of in vitro erythropoiesis. These data indicate CD43-expressing cells as the actual cellular origin of in vitro erythropoiesis in our experiments. In addition, these preliminary results suggest the importance of cultivation together with CD43-cells (bulk culture), which probably provide an auxiliary function comparable to the physiological niche-like environment.
Profiling of CD43 Expression during EB Formation
To monitor CD43 expression more closely during EB differentiation, we conducted a time course experiment with samples taken on day 5, 10, 15 and 21 of EB maturation, dissociated the EBs, and performed flow cytometry analysis for different markers for early hematopoiesis, such as CD309 (KDR), CD43 (leukosialin), CD41a, CD144 (VE-cadherin) and CD235a (GPA). The percentage of positive cells for each of these markers increased over time during EB differentiation, with CD309+ cells revealing the strongest increase ( fig. 2B ), followed by CD43 ( fig. 2F ). CD43+ cells reached an average percentage of 10.5 ± 2.8% on EB day 21 during the experiments conducted for this study (three independent experiments). However, higher numbers of CD43+ cells on EB day 21 have been achieved in other experiments using the same culture conditions (18.8 + 6.8%; 6 independent experiments, fig. 3A ). CD41+ and CD235a+ cells reveal a moderate increase with a percentage of <5% of all cells after EB dissociation on day 21 ( fig. 2D,E) . Further, we investigated gene expression of early hematopoietic markers by both quantitative RT-PCR and conventional PCR and observed early expression of RUNX1, SPN (CD43), and ITGA2B (CD41) during EB differentiation ( fig. 2H,I ).
Impact of the CD43 hi Subset for Multilineage Differentiation
As a particular observation, we detected a CD43 hi -expressing cell subset appearing as late as day 21 during EB differentiation using flow cytometry. We investigated these cells in more detail, using FACS and transcriptional profiling. CD43 hi cells appear during later stages of EB differentiation of hiPSCs and were determined in 1.06 ± 1.29% (range 0.27-2.55%) in the respective analyzed experiments (n = 3) and 2.1 ± 0.47 in other experiments (n = 6) ( fig. 3A) 3B ; n = 2).. CD43 hi CD45 low , CD43 low CD45+, and CD43-CD45-cell subsets have been sorted in order to investigate their colony-forming potential in a CFC assay in semisolid media supplemented with hematopoietic cytokines ( fig. 3B ; n = 2). As a reference, hESCs were cultured and subjected to a CFC assay in a similar manner as CB-CD34+ iPSCs ( fig. 3C ). After 14-21 days, colonies were classified according to their morphology into CFU-M (colony-forming unit monocytes), CFU-GM (colonyforming unit granulocytes, monocytes), CFU-GEMM (immature mixed colonies), BFU-E (burst-forming unit-erythroid), CFU-E (colony-forming unit-erythroid), and hematopoietic colonies of unknown identity, classified as other. While CD43-cells did not possess any hematopoietic colony-forming potential in our experiments, CD43 low -expressing cells generated only a few colonies of monocytic origin (4 and 3 CFU-M colonies), possibly indicating their loss of colony-forming potential, in particular their erythroid colony forming potential. The absolute colony number per 5,000 seeded cells was found much higher for CD43 hi cells than for unsorted bulk cells, demonstrating the enrichment of hematopoietic progenitors with colony-forming potential in the CD43 hi population. Absolute colony numbers are illustrated in figure 3C . CFU-E were found to comprise 24.5% of all CD43 hi -derived colonies, compared to 9.1% when bulk cells were applied unsorted and 65.1% CFU-Es from hESCs. Early erythroid colonies (BFU-E) were also found enriched in CD43 hi -derived CFC assays (5 and 3%), indicating a high erythroid differentiation potential of CD43 hi cells ( fig. 3C ). Based on these results we suggest, that the CD43 hi -expressing population comprises a population of HSPCs with multilineage potential. CD43 low cells may represent further differentiated cells, which almost completely lost colony-forming potential and therefore only occasionally give rise to few myeloid colonies. fig. 4) . Further, these transcripts were enriched in CD43 hi cells when compared to hiPSC-derived EB day 21 bulk cells ( fig. 4A ). Among those genes were transcripts of the α-and β-globin cluster (HBA1, HBQ, HBB, HBG1, HBG2) as well as those for hemoglobin synthesis (AHSP), erythroid membrane proteins, receptors and surface markers (EPOR, GYPA, GYPB, SPTA1) as well as transcription factors (KLF1), as determined by gene ontology analysis using DAVID ( fig. 4D,E) . To investigate the erythroid differentiation potential of different CD43 cell subpopulations, we performed in vitro differentiation of bulk cells as well as of CD43 hi , CD43 low and CD43-sorted cells as described earlier in this and our previous work [20] . CD43-cells did not proliferate during the first 8 days, most cells died, and the cell cultures were terminated prematurely. CD43 low cells gave rise to few hematopoietic cells, yet with growth arrest (fig. 5A) , and skewed differentiation towards cells with myeloid morphology (data not shown). CD43 hi cells, however, displayed similar cell expansion of 20-to 60-fold compared to bulk cell differentiation when seeded at an initial density of 50,000 cells/ml after sorting on day 0 of stage II. Moreover CD43 hi cells seemed to enucleate at an almost similar rate (up to 15%) compared to bulk cells until day 18 of culture ( fig. 5B ) pointing at terminal differentiation as expected for erythroid generated from hiPSC sources.
CD43 hi Cells from hiPSCs May Represent HSPCs with an Advantage towards Erythroid Differentiation
Discussion
Our study confirms the efficient generation of HSPCs from hiPSCs using an EB-based, xeno-product-free differentiation protocol [20] . Additionally, we defined CD43 hi CD45 low cells as HSPCs with multilineage differentiation potential with a bias towards erythroid differentiation.
Hematopoietic differentiation from hiPSCs enables the investigation of early development and promises to be a source of cellbased therapies in the future [5, 23] . Besides the generation of distinct hematopoietic lineages, the generation of HSCs from hiPSCs is a central purpose of biomedical research and transfusion medicine in particular [24, 25] . Although significant efforts were done, true HSCs with long-term engraftment potential cannot be expanded indefinitely in vitro until now [26, 27] . In contrast, undifferentiated hiPSCs can theoretically be expanded indefinitely in vitro while maintaining their pluripotency for all three germ layers; they can be stored, thawed, and differentiated into the desired tissue afterwards as well as bioengineered orgene-modified on demand. A patient-specific generation of hiPSCs-derived HSPCs would offer both the potential for autologous transplantation omitting graft-versus-host immunogenicity [8, 29] and autologous cell/ tissue replacement without the risk of rejection, paving the way for ultimate personalized medicine [30] [31] [32] . However, long-term engrafting HSCs from hiPSCs have to date only been generated by way of teratoma formation on the basis of murine feeder cell layers such as OP-9 cells or the mouse as a host organism [6, 33] CD43 has been described previously as a pan-hematopoietic marker for hESC-derived hematopoiesis [4] . However CD43+ CD45+ CD34+ cells have been described as myeloid-skewed multipotent hematopoietic cells when expanded with GM-CSF [14] . In contrast to this, we report here the emergence of CD43 hi CD45 low CD34+/-cells possessing enhanced erythroid differentiation potential.
As determined by flow cytometry, the fraction of cells in our cultures expressing hematopoietic surface markers increases over time during EB differentiation (stage I) until day 21. Flow cytometry-activated cell sorting experiments additionally lead to the conclusion, that a subset of CD43 hi -expressing cells might possess multilineage differentiation potential in vitro, as revealed by CFC assay of CD43 hi cells after EB dissociation. This is in line with a recent report by Ivanovs et al. [34] , reporting CD43-expressing cells derived from early human embryos after elective medical termination of pregnancy and transplanted into preconditioned adult NOD.Cg-Prkdcscid Il2rgtm1Wjl/Sz mice. These cells were subsequently able to reconstitute the hematopoietic system of the mice with multilineage differentiation potential. Based on this and our own findings, we suggest that CD43 is a useful surface marker for the purification of HSPCs from hESC and hiPSC in vitro differentiation. However, CD43
hi expression may mark a heterogeneous hematopoietic cell population, lineage-specifically skewed by the growth factors and further ingredients of the differentiation media used. During our experiments arising HSPCs might be primed towards erythroid differentiation immediately after emergence by the cytokine cocktail used during stage I.
Using microarray analysis, we were able to confirm the enrichment in erythroid progenitors among CD43
hi cells compared to d21 EB bulk cells as well as CB-and PB-derived HSCs. We differentially compared global gene expression patterns of hiPSC-derived CD43 hi cells to PB-and CB-HSPCs and found CD43 hi cells strongly enriched for expression of erythroid gene as additionally determined be gene ontology analysis. Membrane and cytoskeleton proteins and transcription factors specific for erythroid cells as well as globin genes and genes involved in heme biosynthesis were found highly, if not exclusively, expressed in CD43 hi cells compared to PB-and CB-HSPCs.
During terminal erythroid differentiation of adult PB-HSPCs, CD43 is downregulated, however initially maintained on high levels until day 11 of culturing. At this time point most cells represent the stage of polychromatic erythroblasts. Therefore, high CD43 expression during lineage commitment and erythroid specification might not allow the use of CD43 alone as a marker for a pure HSPC population. With our study we confirmed that by using CD43 expression as a marker, we additionally isolate cells that are committed to the erythroid lineage.
When we first performed in vitro erythropoiesis of CD43+ cells and compared these to the differentiation of unsorted bulk cells after EB dissociation, we found a comparable differentiation potential between the two groups. However, we observed lower enucleation rates, as reflected in a lower number of reticulocytes on day 18 of culture, and a higher number of polychromatic erythroblasts on the same day. This indicates an more immature differentiation status probably due to decelerated maturation and enucleation arrest. For the differentiation of CD43 hi cells, we observed a similar proliferation and enucleation behavior compared to unsorted bulk cell differentiation. However, data from three independent experiments might not deliver a complete description of their differentiation potential as hiPSC-derived hematopoiesis is known to be rather heterogeneous. The recapitulation of the complex spatiotemporal condition during hematopoietic development is challenging and might be hampered by spontaneous differentiation during EB culturing, leading to different outcomes and results. Additionally, the differentiation of sorted hiPSC-derived hematopoietic cells may deprive them from important interactions with accessory cells that are provided by the CD43-compartment and represent a component of the physiological niche. Consequently, this phenomenon might lead to decreased terminal maturation and influence cell proliferation as well as enucleation. Further, cell integrity after enucleation might be hampered by the lack of niche interactions and by causing premature cell death misleading to a more immature picture of the cell culture. Although our data would possibly benefit from more statistical power provided by additional experiments, we believe that our preliminary results contribute significantly to the current understanding of hiPSC-derived early and late hematopoiesis. Further, the generation of an erythroid-skewed hematopoietic progenitor cell might be of great relevance to transfusion medicine and the ex vivo generation of red blood cells. More detailed studies would provide insights in the existence of further hematopoiesis-derived cell subsets and in the molecular mechanisms underlying their cell typespecific developmental pathways. This gained knowledge might allow for the invention of novel cellular therapies in the field of transfusion medicine.
